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Abstract
The Southern Mariana Trough is an active back-arc basin with hydrothermal activity.
We investigated relations between the back-arc spreading system and the hydrothermal
system in this area by conducting a seismic reflection/refraction survey and a three-month
campaign of seismic observations using ocean bottom seismometers. From a 3D seismic
velocity structure analysis, we mapped a low-velocity structure just beneath the spreading
axis, a high-velocity structure with convex upward beneath an off-axis knoll, and a
thickening of layer 2 (to about 3 km) over the refraction survey area compared with normal
mid-ocean ridges. We found very low seismicity in the hydrothermal area and high
seismicity in areas of high topographic relief that probably represent arc volcanoes. The
low-velocity structure at the axis suggests that there is some magmatic activity beneath the
axis in the form of sheetlike mantle upwellings. These may constitute the hydrothermal
heat source at this site. The high-velocity structure with convex upward at the off-axis knoll
suggests the presence of off-axis volcanism there. The very low seismicity suggests that
this volcanism may have ceased, thus residual heat of this off-axis volcanism may contrib-
ute the heat for hydrothermal activity at this site. A comparison of the velocity structure
with other back-arc spreading zones and mid-ocean ridges shows that the Southern Mariana
Trough has a relatively thick layer 2 with lower seismic velocities, suggesting that the crust
was formed by magmas with high volatile contents, consistent with upwelling mantle
influenced by subduction. The very low seismicity at the hydrothermal sites indicates
that there are no faults or fractures related to the hydrothermal activity. This suggests
that the activity is not related to tectonic stresses there.
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18.1 Introduction
The Mariana Trough is an active back-arc basin in the
Philippine Sea plate (Fig. 18.1a). It has opened in the
past 6 million years (Fryer 1996) and displays several differ-
ent features of spreading mechanisms along its strike
(e.g., Martinez et al. 2000; Kitada et al. 2006). The northern
end of the Mariana Trough (north of 20350N) displays a
slow-spreading morphology (Martinez et al. 1995), although
gravity data indicate the presence of thick crust that may
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reflect an additional magma supply from island arc sources
(Yamazaki et al. 2003; Kitada et al. 2006). The northern
central part (between 15380N and 20350N) includes a seg-
ment of slow spreading with plume-like mantle upwelling
under the axis and a segment of magma-starved slow spread-
ing (Kitada et al. 2006). The southern central part (between
14220N and 15380N) has thin crust that suggests a very low
magma supply (Kitada et al. 2006). In the southern end of
the Mariana Trough (south of 14220N), although the full
spreading rate of 46 km/Myr is categorized as slow spread-
ing (Seama and Okino, Chap. 28), an abundant
magma supply is implied by high topographic relief at the
spreading axis (Martinez et al. 2000), thick crust (Kitada
et al. 2006), and a magma chamber reflector at 13050N
(Becker et al. 2010).
In the southern end of the Mariana Trough, five hydro-
thermal sites have been documented (e.g., YK03-09, YK05-
09, and YK10-10 cruise reports) (Fig. 18.1b). The Snail and
Yamanaka sites are on the spreading axis, the Archaean site
is on the eastern foot of the axial high, and the Pika and
Urashima sites are on an off-axis knoll about 5 km from the
axis. The Snail site is an active hydrothermal system at a
mound on pillow lavas cut by fissures (Urabe et al. 2004;
Yoshikawa et al. 2012). Reported fluid temperatures are
between 248 C (Wheat et al. 2003) and 116 C (YK05-09
cruise report). The Yamanaka site is an inactive hydrother-
mal system with a white smoker and several inactive sulfide
chimneys (YK03-09 cruise report). The Archaean site is an
active system at a sulfide mound 50–100 m high (Urabe et al.
2004; Yoshikawa et al. 2012). Reported fluid temperatures
there are 213 C (Ishibashi et al. 2004) and 345 C (YK05-09
cruise report). The Pika site is an active system at the top of
an off-axis knoll about 400 m high. The temperature of a
black smoker there is 330 C (Urabe et al. 2004). The
Urashima site is at the northern foot of the off-axis knoll,
and the reported temperature of a black smoker there is
280 C (Nakamura et al. 2013). These hydrothermal systems
are affected by on- and off-axis magma upwelling systems.
Fig. 18.1 (a) Bathymetric map of the Mariana Trough. The red square
is the location of Fig. 18.1b. Contour interval is 2,000 m. The bathym-
etry data are from Smith and Sandwell (1997). (b) Bathymetric map of
hydrothermal sites at the southern end of the Mariana Trough. The red
stars indicate hydrothermal sites. The broken lines indicate ridge axes
(Seama and Okino, Chap. 28). Contour interval is 50 m. The bathymet-
ric data are from Seama and Okino (Chap. 28)
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Therefore, they are categorized as “TAIGA of sulfur” in the
TAIGA Project (Urabe, Chap. 1), meaning that magma
drives the hydrothermal system and degases sulfur species
(H2S, HS
) that is utilized by microbes.
In studying hydrothermal features, it is important to inves-
tigate seismic structures and seismicity. For example,
deMartin et al. (2007) used seismic refraction and microseis-
micity surveys at the TAG segment of the Mid-Atlantic Ridge
to document a relationship between a hydrothermal system
and an active detachment fault. Tolstoy et al. (2008)
delineated along-axis hydrothermal circulation pathways
using microearthquake observations on the East Pacific
Rise. Using these methods to image melt delivery to spread-
ing axes and off-axis areas, and to trace pathways and heat
sources for hydrothermal circulation, can provide important
constraints for modeling relations between a spreading system
and its related hydrothermal system.
The present study investigated relations between the
back-arc spreading system and the hydrothermal system in
the Southern Mariana Trough using a seismic reflection/
refraction survey and seismicity observations.
18.2 Data Acquisition and Analysis Methods
We conducted a seismic reflection/refraction survey and
seismicity observation at the hydrothermal area in the south-
ern end of the Mariana Trough (Fig. 18.2) from August to
November 2010 using S/V Yokosuka of the Japan Agency
for Marine-Science and Technology (JAMSTEC) (YK10-10
and YK10-15 cruise reports). We used 17 ocean bottom
seismometers (OBSs), an airgun, and a single-channel
streamer cable.
The digital OBSs used were of three types. The
LTOBS_ERI instrument (used at sites S1–S4 and
S8–S11) was deployed in a 50 cm titanium sphere and
equipped with a three-component velocity seismometer of
1 Hz natural frequency and a 24-bit analog-to-digital (A/D)
converter. The data sampling rate was 200 Hz. The
STOBS_ERI instrument (used at sites S5–S7, S12, S14,
and S16) was deployed in a 40 cm glass sphere and
equipped with a three-component 4.5 Hz velocity seis-
mometer and a 24-bit A/D converter. The data sampling
Fig. 18.2 (a) Map of OBS locations. The red triangles indicate
LTOBS_ERI, the red circles indicate STOBS_ERI, and the red
inverted triangles represent STOBS_Chiba instruments. Filled and
open symbols indicate OBSs with data and no data, respectively. The
red stars indicate hydrothermal sites. Contour interval is 500 m. The
bathymetric data are from Seama and Okino (Chap. 28). (b) Profile map
of the seismic reflection/refraction survey. The black lines indicate
airgun survey profiles. Survey lines A1–A7 and B1–B7 are shown.
The red triangles, circles, and inverted triangles indicate OBSs. The
red stars indicate hydrothermal sites. The broken lines indicate ridge
axes. Contour interval is 100 m. Axes in white indicate the coordinate
system used in the 3D inversion
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rate was 200 Hz. The STOBS_Chiba instrument (S13, S15,
and S17) used a 40 cm glass sphere equipped with a three-
component 4.5 Hz velocity seismometer and a 24-bit A/D
converter. The data sampling rate was 125 Hz. All OBSs
used a crystal oscillator with a precision greater than
5  107 s. We determined the location of each OBS at
the seafloor through acoustic ranging and ship GPS
positions. The accuracy of the OBS positions is estimated
to be a few to a few tens of meters. We obtained seismic
data from 14 of the 17 OBSs (S1–S3, S6–S10, and
S12–S17).
We conducted a seismic reflection/refraction survey of
the hydrothermal area to compile a 3D seismic structure
image (Fig. 18.2b). Seven lines (A1–A7) ran NE-SW par-
allel to the spreading axis, and seven lines (B1–B7) ran
NW-SE perpendicular to the spreading axis. Lines were
15 km long and the interval between lines was 2.5 km.
The airgun was a GI gun with a volume of 355 cu. in.
(5.5 L) and air pressure of 13.5 MPa. The shot interval
was 40 s, for a shot spacing of about 97 m. We fired
2,519 shots along the profiles. Data from nine OBSs
(S6–S8, S12–S17) were used for the seismic refraction
analysis. Figure 18.3 shows an example of waveform data
obtained by OBSs S12 and S6 from airgun shots. Seismic
reflection data were obtained using a single-channel
streamer combining 48 hydrophone signals, and the data
were recorded with a duration of 16 s and sampling rate of
1,000 Hz for each shot.
To obtain the seismic velocity structure under the hydro-
thermal area, we carried out 2D traveltime inversions for
lines A1, A4, A7, B1, B4, and B7 using first arrivals. We
used the progressive model development method (Sato and
Kennett 2000) to estimate 2D cross-sections of the seismic
velocity structure under each line. Then we constructed a
3D initial seismic velocity model by interpolating among
the 2D structures. This initial model also included bathy-
metric data (Seama and Okino, Chap. 28). Using this initial
model, we carried out a tomographic inversion using
first arrivals (Zelt and Barton 1998). We also conducted
checkerboard tests to assess the reliability of estimated
structures.
For analyzing seismicity, we used the WIN processing
system for waveform data from microearthquake networks
(Urabe and Tsukada 1991). To detect seismic events, we
used an event picker algorithm based on the ratio between
the short-term average and long-term average of
amplitude of recorded wave-form, and duration of events.
We extracted events that were recorded at two or more
stations. P- and S-wave arrival times were hand-picked.
Hypocenters were determined by the HYPOMH
algorithm, which uses a maximum-likelihood estimation
technique with origin time eliminated (Hirata and
Matsu’ura 1987).
18.3 Results
18.3.1 Seismic velocity structure
For the 3D refraction analysis, we used 9028 hand-picked
P-wave arrivals. We set the error in P-wave arrivals at 30 ms,
as estimated from errors in arrival-time picks (20–30 ms),
shot/receiver position (less than 10 ms), and OBS clock drift
(less than 5 ms). The initial model for the 3D tomographic
inversion (Fig. 18.4a–e) had RMS traveltime residuals
between predicted and observed arrivals of 109 ms and
showed roughly parallel structures along the spreading
ridge axis. In the 3D inversion, we iterated toward a model
with a chi-square value χ2 (normalized RMS of traveltime
residuals) of one, which means that the RMS traveltime
residual was 30 ms for estimated models. An example of
the picked arrivals and synthetic arrivals of the initial and
final models is shown in Fig. 18.3.
Figures 18.4f–j and 18.5 show the final model estimated
using the 3D tomographic inversion, and Figs. 18.6 and 18.7
show a checkerboard test and ray paths for the final model.
For the checkerboard test, we adopted a velocity perturba-
tion of 5 % from the final model and a perturbation grid size
of 3  3 km horizontal and 1 km vertical for shallower than
5.5 km from the sea surface, and 5  5 km horizontal and
1 km vertical for deeper than 5.5 km. We made a set of
pseudo-data consisting of synthetic P-wave arrivals with the
same source-receiver pairs as the picked data using the test
model and random errors with standard deviation of 30 ms.
The results of the checkerboard test showed that the pattern
of the velocity variation was recovered well at depths
shallower than 6.5 km from the sea surface, and ray path
coverage shallower than 6.5 km was good over the survey
area. Therefore, we confirm that our inversion results can
distinguish the three hydrothermal areas (Snail +
Yamanaka, Archaean, and Pika + Urashima).
The final model displays four main features of the
crustal structure around the back-arc spreading ridge with
hydrothermal activity. (1) The average thickness of layer
2 of the oceanic crust in the survey area is about 3 km if we
put the boundary between layer 2 and layer 3 at VP 6 km/
s and assume no sedimentary layer around the ridge
(Fig. 18.4 k). In general, seismic velocity of layer 2 is
about VP 3–6 km/s with large velocity gradient, and that
of layer 3 is about VP 6–7 km/s with less velocity gradient
(e.g., Kearey et al. 2009). Our results show a velocity
gradient change at the depth of 6.5 km with VP 6 km/s.
Thus, we set the boundary between layer 2 and layer 3 at VP
6 km/s. The 3 km thickness of layer 2 means that this area
has a thicker layer 2 than in normal oceanic crust, where it
is about 1–2 km thick (e.g., Kearey et al. 2009). Moreover,
the survey area has a low-velocity layer 2 (~4.0 km/s at
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Fig. 18.3 Examples of seismograms. (a) Line A1 recorded by OBS
S12; (b) line A3 recorded by OBS S6. Horizontal axis indicates dis-
tance from OBS to shots. Vertical axis is traveltime. Reduction velocity
is 5 km/s.Green lines indicate observed (picked) traveltimes. Blue lines
indicate synthetic traveltimes for the initial model. Red lines indicate
synthetic traveltimes for the final model
1 km depth below sea floor). (2) The velocity just beneath
the spreading ridge is lower than in the surrounding area
(see map views at depths of 4 and 5 km in Fig. 18.4g, h and
VP anomalies in Fig. 18.5g–i relative to the 1D average in
Fig. 18.4k). This low-velocity zone lies beneath the area
including the Snail and Yamanaka hydrothermal sites. (3)
There is a high-velocity area just beneath the off-axis knoll
(see map view at 6 km depth in Fig. 18.4i). This knoll is the
location of the Pika and Urashima hydrothermal sites.
Cross-sections through the two hydrothermal sites
(Fig. 18.5c, e) show that the boundary between layers
2 and 3 is convex upward beneath the knoll. (4) At the
Archaean hydrothermal site, there are no anomalous
structures.
Fig. 18.4 (a–e) Map views of velocity structure of the initial model.
Depth (z) is from the sea surface. Contour interval is 0.5 km/s. The red
triangles indicate OBSs. The red stars indicate hydrothermal sites.
The broken lines indicate ridge axes. (f–j) Map views of velocity
structure of the final model. Gray areas indicate no ray paths. (k) 1D
average velocity of the final model. Average velocities are taken at each
depth below the seafloor
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From the seismic reflection data, we cannot identify
reflectors consistent with axial magma chambers. Some
data show reflective images at the Pika and Urashima hydro-
thermal sites, but we cannot distinguish these from scattered
returns from the rough surfaces of the off-axis knoll. A
multichannel seismic survey would be needed to reveal
detailed structures here.
18.3.2 Seismicity
We obtained 3 months of seismicity data at the southern end
of the Mariana Trough from 14 of the 17 deployed OBSs.
We used a 1D P-wave velocity model (Fig. 18.8) based on
the results of this study, the velocity structures of the middle
Mariana Trough published by Takahashi et al. (2008), and
the IASP91 velocity model (Kennett 1991). We assumed the
VP/VS ratio to be 1.73.
During the observation period, we determined
hypocenters of about 1,700 events (Fig. 18.9). Most events
occurred at and around areas of high topographic relief,
which are probably arc volcanoes, about 30 km southeast
of the spreading ridge. The hydrothermal areas had very few
events during the observation period. We determined only
two hypocenters within 5 km of the hydrothermal areas.
Some OBSs recorded small tremors like noise. We could
not identify these as volcanic tremors, because these tremors
were too small to obtain sufficient arrival time data, then we
could not determine locations of these tremors. To identify
these tremors whether as volcanic or not, we would need
more dense OBS arrays.
18.4 Discussion
Our observations revealed a detailed seismic velocity struc-
ture and a record of seismicity at and around the hydrother-
mal areas in the Southern Mariana Trough. We can evaluate
the heat sources of the hydrothermal activity from these
results.
The spreading axis, where the Snail and Yamanaka
hydrothermal sites are located, has lower seismic velocities
than the surrounding area. This suggests that the area
beneath the axis is hotter due to magmatic activity and thus
that the heat source of these sites may be magmatic. Kitada
et al. (2006) suggested on the basis of gravity data that there
are sheetlike mantle upwellings beneath the first-order ridge
segments in the southern end of the Mariana Trough. Our
results show more detailed structures. The map view at 5 km
depth (Fig. 18.4h) displays that the low-velocity structure
Fig. 18.5 (a–c) Vertical cross sections of VP distribution beneath
ridge-parallel lines A3, A4, and A5. Contour interval is 0.5 km/s.
Gray areas indicate no ray paths. The red triangles indicate OBSs on
the line. The red stars indicate hydrothermal sites on the line. (d–f)
Vertical cross sections of VP distribution beneath ridge-perpendicular
lines B7, B4, and B2. The red arrow indicates the ridge axis. (g–i)
Vertical cross sections of VP anomalies relative to the 1D average
velocity of the final model (Fig. 18.4 k) beneath ridge-perpendicular
lines B7, B4, and B2
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aligns with the subdivided axes. Our results suggest that the
upwellings beneath the first-order ridge segment can be
subdivided into upwellings beneath the third-order ridge
segment which is pointed by Seama et al. (Chap. 17). The
depth of the top of the low-velocity zones is about 4.5 km, or
1.5 km below the seafloor (Fig. 18.5g–i). As the seismic
reflection profile of Becker et al. (2010) shows no magma
chamber reflector in our study area, the low-velocity zone is
probably not a magma chamber with abundant melt, but a
warm zone with a chamber of crystal-rich mush.
At the off-axis knoll, where the Pika and Urashima hydro-
thermal sites are located, we mapped a high-velocity struc-
ture with convex upward that suggests a volcanic activity
beneath the knoll. We infer that off-axis volcanism once
existed there, forming the knoll, and intruded magma was
cooled to become layer 3, making the boundary between
layers 2 and 3 convex upward. Previous results also support
this conclusion. Yoshikawa et al. (2012) interpreted near-
bottom swath mapping data showing an undeformed mor-
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Fig. 18.6 Checkerboard test.
(a–e) Given model. We adopted a
velocity perturbation of 5 % from
the final model and a perturbation
grid size of 3  3 km horizontal
and 1 km vertical for shallower
than 5.5 km from the sea surface,
and 5  5 km horizontal and
1 km vertical for deeper than
5.5 km. The triangles indicate
used OBSs. The stars indicate
hydrothermal sites. (f–j)
Recovered model after the
inversion
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off-axis magma upwelling system. Kakegawa et al. (2008)
showed that the knoll is composed of pillow lavas with
minor sediment cover, indicating that volcanic activity
have ceased. The very low seismic activity at the knoll also
suggests the cessation. Hence the heat sources of the Pika
and Urashima sites may be residual heat from this off-axis
magmatic activity.
At the Archaean hydrothermal site, we did not find any
anomalous structures like those at the other hydrothermal
sites. This site consists of a small mound 250–300 m in
diameter and 50–100 m high in a flat basin at the eastern
foot of the axial high (Yoshikawa et al. 2012), too small for
our seismic survey to reveal any internal structure. A higher-
resolution survey is required to obtain a detailed structure at
this site.
Our seismic observations found very low seismicity at the
hydrothermal sites. This result is very different from those of
deMartin et al. (2007) and Tolstoy et al. (2008), who found
many microearthquakes related to hydrothermal activity.
The difference may be because our OBS network had a
wider spacing (about 5 km) than the earlier networks
(about 1–5 km). To examine this possibility, we checked
the seismicity near OBS S7, which was less than 1 km from
the Pika hydrothermal site. Looking at the S–P times of all
events recorded by OBS S7 (Fig. 18.10), we found that it
recorded only three events with S–P times less than 1 s. This
indicates that the very low seismicity was not an artifact of
our OBS network, but a real feature in the study area, and it
suggests that there are no faults or fractures related to the
hydrothermal activity. That in turn suggests that hydrother-
mal activity here is not related to tectonic stresses.
Yoshikawa et al. (2012) likewise reported no fault systems
at the off-axis hydrothermal sites Archaean, Pika, and
Urashima.
We found a thick layer 2 (thickness about 3 km) with low
seismic velocities over the study area. Figure 18.11 shows
the 1D velocity profile of this study along with those for the
Central Mariana Trough (Takahashi et al. 2008), the Lau
basin (Jacobs et al. 2007; Dunn and Martinez 2011), the Juan
de Fuca Ridge (Christensen et al. 1993), the East Pacific Rise
(Vera et al. 1990), and the Mid-Atlantic Ridge (Magde et al.
Fig. 18.7 (a–e) Ray paths of the
final model. Each panel shows ray
paths within 0.5 km of z. The red
triangles indicate OBSs. The red
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Fig. 18.8 1D velocity structure used for hypocenter determination
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2000). It shows that the Southern Mariana Trough has a
thicker layer 2 and lower seismic velocities than the normal
mid-ocean ridges (Juan de Fuca Ridge, East Pacific Rise, and
Mid-Atlantic Ridge). In the back-arc spreading ridges, the
structures are divided into two groups. One, which includes
the Central Mariana Trough and the Lau Domain III, is
similar to mid-ocean ridges, and the other, which includes
the Southern Mariana Trough, Lau Domain II, and Lau Valu
Fa Ridge, has a low-velocity layer 2. Jacobs et al. (2007) and
Dunn and Martinez (2011) noted that the low-velocity layer
2 implies high porosities and arc-related mineralogies, and
that the Domain II and Valu Fa Ridge in the Lau basin are
formed by magmas with high volatile contents derived from
the subducting plate, because these areas are near the sub-
duction slab and the Tonga volcanic arc. As the Southern
Mariana Trough also is near the subduction zone and the
volcanic arc, and as its seismic structure is similar to Lau
Domain II and Valu Fa Ridge, we suggest that the upwelling
mantle beneath the Southern Mariana Trough spreading axis
is influenced by subduction. The upwelling mantle would
have low viscosity due to hydration by water from the
subducting slab, and the magmas produced would form
thicker crust with high porosities ( ¼ lower velocities) in
the Southern Mariana Trough. The Central Mariana Trough,
on the other hand, is far from the subduction zone, hence its
crustal structure would be similar to mid-ocean ridges, and
there may be no influence of subduction as suggested by the
upper mantle electrical resistivity structure reported by
Matsuno et al. (2010).
Fig. 18.9 (a) Hypocenter distribution at the Southern Mariana Trough
during three months of observations by OBSs (triangles). The stars
indicate the hydrothermal sites. Contour interval is 100 m. (b) Hypo-
center distribution near the hydrothermal sites. Only high-quality
hypocenters whose standard error in each of the hypocenter coordinates
is less than 5 km are plotted. The broken lines indicate ridge axes.
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Fig. 18.10 Histogram of S–P times at OBS S7
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Our seismicity study recorded many microearthquakes
beneath the area of high topographic relief that probably
represents arc volcanoes. This means that this area is now
very active. Fryer et al. (1998) suggested that the morphol-
ogy of these volcanoes indicates recent activity. More
detailed seismicity surveys may reveal this volcanic activity.
18.5 Conclusions
We conducted a seismic reflection/refraction survey and a
seismicity observation campaign at the hydrothermal area in
the southern end of the Mariana Trough. From a 3D refrac-
tion analysis, we found that the spreading axis has a low-
velocity structure suggesting the presence of magmatic
activity beneath the axis. The low-velocity structure shows
sheetlike mantle upwellings beneath the third-order ridge
segments that may be the heat sources for the Snail and
Yamanaka hydrothermal sites. Beneath an off-axis knoll,
we found a high-velocity structure with convex upward
that is consistent with off-axis volcanism in the area. The
very low seismicity there suggests that this volcanism may
have ceased. The heat sources of the Pika and Urashima
hydrothermal sites may be residual heat from this off-axis
volcanic activity. We detected a thick (about 3 km) layer
2 with low seismic velocities over the survey area. A
comparison of this structure with other back-arc spreading
centers and mid-ocean ridges suggests that the crust was
formed by magmas with high volatile contents, probably
due to upwelling mantle influenced by subduction. Our
seismic observations documented very low seismicity at
the hydrothermal sites, indicating that there are no faults or
fractures related to the hydrothermal activity. This suggests
that the hydrothermal activity is not related to tectonic
stresses.
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